The effects of sound duration on event-related potentials (ERP) were studied in newborns and adults. Increasing tone duration from 200 to 300 ms led to the enhancement of the N2 peak amplitude, whereas two peaks became distinguishable in the N2 response elicited by 400 ms long tones. The sound-duration related ERP changes most likely re¯ect contribution from the sustained potential, although the observed results can also be explained by assuming the elicitation of a sound-duration sensitive frontocentrally negative ERP component (durationsensitive N2; DN2). The pattern of duration-related changes observed in newborn infants was very similar to that in adults, regardless of the structural differences between adult and infant ERPs. The results suggest that sound duration is processed already at birth in a similar way as in adulthood.
INTRODUCTION
Correct perception of sound duration is essential for many everyday functions, such as understanding speech or enjoying music. As the precise mechanisms of analyzing and encoding sound duration are still largely unknown, studying ERP correlates of sound duration can help in ®nding the neural substrate of sound duration processing.
Long (. 600 ms) sounds have been shown to evoke a sustained potential (SP) [1, 2] which follows the envelope of the auditory stimulus and continues until its offset. SP commences at about 150 ms [1] overlapping both some of the exogenous ERP components (the N1-P2 complex) as well as later ERP waves (such as the N2), thus making it dif®cult to identify an SP in the ERP response to short sounds (i.e., when the SP would not extend beyond the latency range of overlapping components). Therefore, most previous studies investigating SP were carried out with sounds of > 600 ms duration.
Another set of ERPs that may be involved in sound duration processing in the brain are those elicited by sound onset and offset, the N1/P2 complex [3] . These responses mark the limits of the time period when sound is on.
Duration-sensitive neurons were found in the inferior colliculus of the big brown bat [4] . These neurons responded with a maximum number of spikes to tones of their best durations. Recent ®ndings in mouse inferior colliculus [5] showed three types of duration-sensitive neurons, some displaying the characteristics of long-pass, others of short-pass, or band-pass ®lters. Band-pass neurons responded only to a certain range of sound durations, short-pass neurons responded to all sounds shorter than a certain duration, and long-pass neurons were activated when sound exceeded a speci®c duration threshold [5] .
Alain et al. [6] have possibly found an ERP manifestation of neurons sensitive to the duration of brief sounds when comparing the ERPs elicited by 8 and 72 ms long sounds. However, these results may also have been affected by temporal integration of sound energy, which is known to extend to the ®rst 150 ms [7±9] and by the spectral difference between very short (click-like) and somewhat longer sounds (e.g. reliable determination of sound pitch requires sound duration to be . 8 ms [10] ).
Several studies [11±13] investigated the discrimination of sound duration using the mismatch negativity (MMN) ERP component, which is elicited when some feature of an infrequent sound differs from that of a repetitive sound. The MMN ®ndings suggested that precise sound duration information is automatically encoded in auditory sensory memory.
Recent MMN studies indicated that sound duration is also represented by the sensory memory system of neonates [14±16] . Results obtained in some of these studies also hinted at the possibility that sound duration may directly (i.e. without comparison with a frequent sound of different duration) affect some ERP components in neonates. Kushnerenko et al. [14] found that repetitive stimuli of different durations evoked different responses in newborns, the ERP to a longer stimulus being more negatively displaced than that elicited by shorter stimuli.
The present study investigated in a systematic manner the effects of sound duration on neonatal and adult ERPs. In order to obtain a pure duration effect (avoiding confounds from temporal integration and spectral differences), we selected a medium range of sound durations, in which sound duration can be judged relatively accurately, and duration increments are not accompanied by increments in perceived loudness. The traditional estimate of the upper temporal limit of loudness summation is $200 ms (for review see [7] ), although the temporal window of integration may be somewhat longer in infants than in adults [17, 18] . Therefore, for comparing sound duration ERP effect between infants and adults, a 200±400 ms range was selected.
The goal of the present study was to determine whether there are direct ERP correlates of sound duration in neonates and, if so, whether they are similar to the effects of sound duration on adult ERPs.
MATERIALS AND METHODS
Subjects: Auditory ERPs were recorded from nine adults (four males, mean age 28 years) and nine full-term neonates (®ve males, gestational age 36±42 weeks, 2±6 days after birth). All infants had passed a hearing screening using evoked otoacoustic emissions (EOAE using the ILO88 DPi system from Otodynamics Ltd, Hat®eld, UK). This method measures the acoustic energy produced by the inner ear in response to auditory stimulation [19] .
Stimuli and procedure:
The experiments were conducted in the sound-attenuated room of the Hospital for Children and Adolescents, Helsinki University Central Hospital. The study was approved by the Ethical Committee of the Hospital for Children and Adolescents and the Department of Obstetrics and Gynecology. Mothers gave informed consent for the infant's participation in the study.
Infants were tested during quiet sleep. Adults were reading a self-selected book. Harmonic tones of 200, 300 and 400 ms, composed of three lowest partials of 500 Hz sinusoidal tone, were presented in blocks of 400 with a constant stimulus onset asynchrony (SOA, onset-to-onset interval) of 800 ms. The loudspeakers through which the sounds were presented were located 20 cm to the left and right sides from the subject's head. Stimulus intensity at the subject's head was 70 dB (SPL).
A pilot study was run in six adult subjects to ®nd a simple and representative paradigm to test duration effects on ERPs. We checked whether regular or random presentation of sounds with different durations and the probability of presenting a given sound (limited to equal probabilities for all different sounds presented together) affect the morphology of the ERP responses. Four types of sequences were tested: (1) 3 duration random sequences (200, 300 and 400 ms long tones, probabilities 33% each), (2) 2 duration random sequences (200 and 300 ms, or 300 and 400 ms tones, probabilities 50% each), (3) 2 duration alternating sequences (200 and 300 ms, and 300 and 400 ms tones), and (4) the 300 ms long tone presented alone. Figure 1 shows that none of the above manipulations had a signi®cant effect on the morphology of the responses elicited by the 300 ms tones, though the number of different tones in the sequence somewhat in¯uenced the amplitude of all ERP components discernible on the ®gure (P1, N1, P2, N2). The response recorded in the three duration condition had lower amplitude than the other three responses, which may be a general effect of stimulus variability. Since the morphology of the ERP response did not vary between the four types of sequences tested, for the comparison between adults and infants, three different alternating sequences were selected: 200 and 300 ms, 200 and 400 ms, and 300 and 400 ms tones.
EEG recording and data analysis: EEG was recorded (bandpass 0.1±30 Hz, sampling rate 250 Hz) using the NeuroScan EEG recording system. Disposable electrodes were attached to nine scalp sites: F3, F4, C3, Cz, C4, P3, P4, T3, and T4 according to the International 10-20 system. Eye movements were monitored with two electrodes, one placed below and the other by the outer corner of the right eye. The linked mastoids served as the common reference. The duration of analysis epoch was 900 ms including a 100 ms pre-stimulus time. Epochs were ®ltered (bandpass 1.0±15 Hz), baseline-corrected with respect to the mean amplitude of the pre-stimulus interval, and averaged separately for each tone duration and stimulus sequence.
Based on the visually observed ERPs effects of duration, the maximal negative amplitude was measured within the 200±500 ms latency window from stimulus onset. Responses to tones with different durations were further compared by subtracting the ERP to the 200 ms tones from that to the 300 ms tones, and the ERP to the 300 ms tones from that to the 400 ms tones. The latencies of negative peaks in these difference waves were measured within the 200±500 ms latency window. Statistical analysis of the peak amplitudes was done by two-way ANOVA (duration (200, 300 and 400 ms) 3 electrodes (all)). The latencies of the difference-wave peaks were compared with two-way ANOVAs (duration (300± 200 ms, 400±300 ms) 3 electrodes (all)). The source of signi®cant ANOVA effects was clari®ed using LSD (least signi®cant difference) post hoc tests. Greenhouse-Geisser adjustments were performed when applicable (å values are reported). Figure 2 (left column) shows group-averaged ERPs elicited by tones of three durations in adults. Tones of different durations elicited very similar P1, N1, and P2 responses peaking at about 50, 100 and 180 ms, respectively. In contrast, a later negative de¯ection, peaking at about 300 ms showed evidence of duration-speci®c changes. The peak amplitude of this wave was larger in response to the 300 ms tone compared with both the 200 and 400 ms tones (grand-average peak amplitudes at Cz: À2.48, À3.09, and À2.46 ìV for the 200, 300 and 400 ms tones, respectively; ANOVA: F(2,16) 4.53, p , 0.03, á 0.80; the post-hoc LSD test between the responses to the 300 and 200 ms tones was signi®cant at p , 0.02, between 300 and 400 ms tones at p , 0.02). The negative peak amplitudes were signi®cantly larger over the frontal and central than over the parietal and temporal areas (F(8,64) 37.73; p , 0.000001, á 0.44; the post-hoc test between frontal and temporal/parietal electrodes was signi®cant at p , 0.0006, between central and temporal/parietal electrodes at p , 0.02). Figure 2 (right column) shows the differences between the responses elicited by 300 and 200 ms and between the 400 and 300 ms long tones. The latency of the peak was signi®cantly shorter (by 110 ms) for the 300±200 ms difference than for the 400±300 ms difference (grand-average peak latencies at Cz: 332.0 and 442.2 ms, for the 300±200 ms and the 400±300 ms difference waves, respectively; F (1, 8) 79.90, p , 0.00001). Figure 3 shows the ERPs elicited in newborn infants by the tones of three durations (left column), and the corresponding difference waves (right column). Tone duration had a signi®cant effect on the amplitude of the negativegoing peaks in newborns (grand-average peak amplitudes at Cz: 1.09, 0.33, and À0.91 ìV for the 200, 300 and 400 ms tones, respectively; F(2,16) 26.37, p , 0.0001, á 0.72; in the post-hoc test, the response to the 400 ms long tone was negatively displaced compared with those to the 200 and 300 ms tones; p , 0.00001, p , 0.02, respectively; and the response to the 300 ms tone was negatively displaced compared with that to the 200 ms tone; p , 0.0004). The peak amplitude at the negative maximum within the 200± 500 ms interval was signi®cantly less positive at the frontal than at the central and parietal electrodes (F(8,64) 4.46; p , 0.0003, á 0.28; the post-hoc test between frontal and central electrodes was signi®cant at p , 0.006, that between frontal and parietal electrodes at p , 0.000003). The latency of the difference negative peak was signi®cantly shorter (by 112 ms) in the 300±200 ms than that in the 400±300 ms difference wave (grand-average peak latencies at Cz: 265.8 and 378.2 ms for the 300±200 ms and the 400±300 ms difference waves, respectively; F(1,8) 147.13; p , 0.00001).
RESULTS

DISCUSSION
Tone duration affected the ERP response amplitudes in the latency range of the adult N2 peak (at about 300 ms) in both adults and newborns. The ERP amplitude in the N2 latency range, however, did not monotonously increase with the tone duration increment, rather, it was higher for 300 than for either 200 or 400 ms tones. The adult responses to the 200 and 300 ms stimuli were morphologically similar to the basic N2 (Fig. 2 , left column) [20] , though the N2 wave of the present study was prolonged, and peaked slightly later for the 300 ms tones than for the 200 ms tones. The 400 ms tones elicited a double-peaked response suggesting the presence of two overlapping components. The ®rst peak, with a latency of about 300 ms, probably corresponds to the basic N2.
The question is what kind of component the second peak represents and whether both the difference between the responses to the 200 and 300 ms and between the 300 and 400 ms tones can be explained by the same effect. The possible candidates that could account for these duration-dependent ERP changes are (1) the offset response, (2) the sustained potential, and (3) a hypothetical sound-duration speci®c ERP component.
The offset-N1 response was de®ned as a maximum negativity between 80 and 200 ms after stimulus offset, whereas the offset P2 as a maximal positivity between 150 and 250 ms from stimulus offset. The P2 sometimes dominates the offset response [2] . The latency of the second negative peak observed for the 400 ms tone was about 430 ms. Thus, this second peak was too early to be an offset-N1 response. However, the positive de¯ection, which peaked with a 150±200 ms delay from tone offset, that is at $400, 450 and 550 ms for the 200 ms, 300 ms and 400 ms tones, respectively, could represent a P2 offset response. However, the presence of the offset P2 cannot account for the ERP changes observed in the preceding negative wave.
The SP has been unambiguously shown only for stimuli . 600 ms. Nonetheless, the negative responses elicited by the 300 and 400 ms tones appear to follow the length of the stimulus, which is characteristic for the SP. The SP is maximal over the fronto-central scalp [3, 21] , which was also found for the present negativity. Therefore, one explanation of the N2 amplitude enhancement by the 300 ms tones (compared to the 200 ms tone) could be a summation of the basic N2 and the SP. The emergence of a second peak in response to the 400 ms tone is compatible with this explanation as well, since in this case the SP should extend beyond the N2 latency range and thus become distinguishable from the N2. Therefore, if one accepts that the SP can be recorded to sounds , 600 ms, most of the present results can be explained by an overlap between the basic N2 and the SP. One feature of the present results, however, cannot be accounted for by the SP explanation: the amplitude of the N2 elicited by the 400 ms tones was smaller than that elicited by the 300 ms tones, although in the latency range of the N2 wave both the basic N2 and the SP should be same for 300 and 400 ms long tones.
Therefore, one should consider a possibility that we observed a previously not described sound-duration sensitive component, which overlapped the N2 component in response to the shorter tones but became separated from the N2 in response to the longer (400 ms) tones. A support for this alternative comes from examining the subtracted responses between the 300 and 200 ms and the 400 and 300 ms tones (shown overlaid in the right columns of Fig. 2 and Fig. 3 ). The peak latency of the negative difference waves appears to closely follow the duration of the tones (i.e., it was shifted by $100 ms between the two subtractions, just as the durations of the tones increased by 100 ms). Thus, although the present results do not prove the existence of a component distinct from both the N2 and SP, this possibility cannot be ruled out. Tentatively, we name this new component DN2 (duration-sensitive N2).
Perhaps the most interesting ®nding of the present study was that the effect of sound duration on ERPs was highly similar in newborn infants (Fig. 3 ) and in adults (Fig. 2) , despite of the different ERP morphology in these age groups (see also [22] ). Although the N2-like wave was not clearly observable in infant's waveforms, their responses to the longer tones were negatively displaced in the N2 latency range. Further, even the double-peaked structure of this negative de¯ection emerged in the response to the 400 ms tone (best seen at F4, Fig. 3 ). The amazing similarity of the difference wave patterns between adults and new- borns (Fig. 2, Fig. 3, right columns) suggests similarity of the underlying processes.
CONCLUSION
An ERP response sensitive to sound duration was found in newborns and adults. The present results either demonstrated the elicitation of the sustained potential by short stimuli in both adults and newborn infants, or a previously undescribed sound-duration sensitive negative component (DN2), which is present already at birth. It therefore appears that sound duration, whose correct perception is essential for language acquisition, is processed similarly from birth to adulthood.
